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Introduction:
The detection of calcium ions, Ca
2+
, is important in a wide range of applications.
Calcium is essential for many biological functions such as neural and intracellular signalling, biomineralisation (bone, teeth), muscle action, and many enzymatic processes [1] [2] [3] . Monitoring calcium ion concentration in blood is important as deficiencies can lead to conditions such as muscle and nerve tightening [4] and osteoporosis. Water hardness can cause numerous problems in industrial processes and households, with dissolved calcium salts being the primary reason for scaling in pipes and water heaters. Further applications, where the detection of calcium ions can be crucial, include food processing [4] , chemical oceanography [5] and agriculture [6, 7] .
Atomic absorption spectrometry (AAS) is a traditional method often used for quantifying calcium content. However, sample preparation for AAS is tedious (acid digestion). Furthermore, AAS is often expensive, bulky and not suitable for in situ real-time monitoring. In contrast, ion selective electrodes (ISEs) have the advantages of better portability, lower cost, and excellent selectivity [8] . Furthermore, ISEs can be used for the detection of calcium in its biologically active form, Ca 2+ [9] .
Ion selective field effect transistors (ISFETs) have further advantages over traditional ISEs, such as higher signal-to-noise ratios, faster response times, and the potential for further miniaturization and integration into systems [10] . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 3 [10] . Similar studies using ISFETs for calcium ion detection have also reported comparable results with lower detection limits of 10 -6 M and sensor lifetimes of up to 6 weeks [11] . The detection limits of Ca 2+ selective ISFETs can be improved by conditioning the device in solutions containing only interfering ions to achieve zerocurrent ion flux for subsequent quantification of analyte solutions [12] . The type of plasticisers used in the membrane matrix can also affect the detection limit for [18, 19] . The high transconductance is the result of a 2-dimensional electron gas layer (2DEG) that forms at the AlGaN/GaN interface [20] . Charges on the surface strongly influence the conductivity of the 2DEG layer, thus creating the foundation of a highly sensitive ion sensor [18, 19] also without the need of a reference electrode [22] [23] [24] [25] .
We have previously reported on Ca 2+ detection via biological mechanisms using live cells for functionalisation [26] . In this work, we report the performance of AlGaN/GaN HEMT devices functionalised by ion selective PVC-based membranes for Ca 2+ detection. Performance characteristics of these devices such as optimal dynamic range, Nernstian slope, response time and the selectivity coefficients for a variety of interfering ions were determined.
Experimental:
Chemical materials 
Calcium ionophore IV / ETH 5234 (or N,N-Dicyclohexyl-N′,N′-dioctadecyl-3-
oxapentanediamide), potassium tetrakis(4-chlorophenyl)borate, 2-nitrophenyl octyl ether and high molecular weight poly(vinyl chloride) were purchased from SigmaAldrich and used without further purification.
Calcium selective membrane
We used the optimised formulation suggested by Gehrig et al. [27] which is 10 mg of calcium ionophore IV, 2. The wafer was then dipped into a solution of aqua regia (HNO 3 :HCl=1:3) for 3 min, rinsed with DI water and blown dry with nitrogen followed by a hotplate bake for 5 min at 110°C. Standard photolithography was used for all mask patterning. Mesa   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 6 isolation was achieved using inductively coupled plasma reactive ion etching with Cl 2 /Ar (see Figure 1b) . The contact pads were formed by thermal evaporation of Al (200 nm), Cr (600 nm) and Au (300 nm) followed by lift-off (see Figure 1c) . Rapid thermal annealing (RTA) was used to diffuse the Al through the GaN and AlGaN layers connecting (as shown in Figure 1d ) the electrical contacts with the 2DEG layer at the AlGaN/GaN interface. For this step the sample was exposed to 1000 sccm N 2 in the RTA chamber at 820C for 30 s. For device passivation, a thick layer of SU-8 (10m) was deposited using spin-coating, and patterned using photolithography exposing only the active sensing area on the GaN cap layer (Figure 1e) . Individual devices were then diced and mounted onto a pre-fabricated printed circuit board (PCB) with four electrode contacts (see Figure 1f ). Conductive epoxy was used to form the connections between sensor electrodes and contacts on the PCB. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   7 was maintained using a constant current circuit, whilst the sense terminals were connected to a voltage input data acquisition card (National Instruments, model 9239, 24-bit resolution). All the experiments were performed in a dark room environment to avoid the effects of light on the AlGaN/GaN device conductivity [28] .
To ensure a homogenous solution and equilibrium response, the solution was stirred magnetically. Optical images of the sensor (c) after fabrication and (d) after packaging onto the PCB board.
Sensor testing after functionalising the active area
After depositing the calcium sensitive membrane onto the active area of the sensor, 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   8 comparison the same experiments were performed with an unfunctionalized (bare gate) device. using the IUPAC definition of detection limit for electrochemical sensors [13] . The detection limits for these sensors are, with the exception of run 4, at least one order of magnitude lower than those reported for ISFET or conventional ISE technologies as previously referenced [10, 11] , and are also the best reported for reference electrode free technology [9] . While it is true that detection limits as low as 10 -10 M have been reported for ISE technologies [13] The method to obtain apparent changes in the applied gate voltage and ion selectivity coefficients in this work has been previously published [22, 24] and is reiterated here for the specific devices under study. Quantitative determination of the selectivity coefficients for these interfering ions requires fitting the Nikolskii-Eisenman equation to the equilibrium sensor response values; but the apparent gate voltage   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 10 change due to ion sorption into the membrane is required before this equation can be used.
Results and discussion
The drain-source expression for field effect transistors operating in the non-saturated triode region can be described using: 
For this study, the current was selected to ensure operation of the device within the linear regime (triode region).
For ISFETs operated with a reference electrode, and are maintained at constant values during sensing measurements. A feedback loop adjusts the potential applied to the reference electrode as a solution-gate for the transistor when the trans-membrane potential varies with ion concentration. This applied potential is the Nernstian response that is typically the output of an ISFET device. For our sensors, operated without a reference electrode, the device is effectively operated as a resistor and the source-drain potential, , is adjusted using a feedback loop to keep the drain current, , constant. Changes in , due to exposure of the sensor to different ion concentrations, correspond to changes in channel conductivity and therefore in effective gate bias. Rearranging Eq. (2) shows that when drain current is constant (and selected for the linear regime), the conductance of the sensing layer is proportional to the gate voltage. For the particular structure used in this work (mole   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 11 fraction of = 0.25 for the AlGaN layer and dielectric thicknesses of =15.5nm and =2nm) this relationship between change in the sensing layer conductivity and change in apparent gate voltage is given by:
It should be noted that, due to electrical contact passivation with SU-8, the measured source-drain voltage (used to determine conductivity) is affected by parasitic current channels. This was not the case for the previous device design for the nitrate and mercury sensors. In this work the channel conductivity was therefore extracted from total conductivity by modelling the parasitic regions as a shunt and access resistance [30] . 
where is a device constant, is potentiometric response slope, is the selectivity coefficient, the charge number and is the activity coefficient. The expected Nernstian slope for divalent ions is per 10-fold change in ion concentration at room temperature. Therefore, the potentiometric response slope and the selectivity coefficients can be determined by fitting the data to Eq. 4. Figure 5 shows the equilibrium sensor output as a function of Ca 2+ concentration in solutions containing various interfering ions and selectivity coefficients are summarized in Table 1 . These results show that Na + and K + are only weakly 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 12 interfering ions, while Mg 2+ and Li + ions affect the response much more significantly.
The fitting parameters (response slope) are also given in Table 1 and show that a near-Nernstian response was obtained for KCl and NaCl. For MgCl 2 and LiCl, significant interference was observed and the response is sub-Nernstian. This is due to relatively stronger binding characteristics of these interfering ions with the ionophore [30] . For KCl and NaCl as interfering ions, sensor characteristics showed calcium detection limits of well below 10 -7 M and a linear response range between 10 -7 -10 -2 M. However, for MgCl 2 and LiCl, the detection limit increased significantly.
The selectivity coefficients determined here are slightly poorer compared to values determined by Gehrig et al. using the same ionophore [27] . The reason for this might be attributed to differences in sensor design. Such limits and dynamic range are still relevant for various practical fields such as agriculture, industrial processes and biomedical applications and are the lowest detection limits reported both for ISEs in classical set-up and for any ISFET technology [10, 11] , as well as for any reference electrode free operation of sensors for Ca 2+ ions [9] . NaCl, it is difficult to fit the data to Nikolskii-Eisenmann equation and in these cases, the estimate of the selectivity coefficient is determined based on the lower detection limit [31] . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 These are the lowest detection limits reported both for ISEs in classical set-up and for any ISFET technology [10, 11] , as well as for any reference electrode free operation of sensors for Ca 2+ ions [9] .
Device operation without requiring a reference electrode means that associated issues of stability, maintenance and short lifetimes associated with the reference electrodes are eliminated, and opens up opportunities for miniaturisation and system integration. Despite having slightly poorer selectivity coefficients compared to previous studies using the same ionophore, it is still possible that the membrane formulation could be optimised to achieve improved selectivity. Further studies of 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 14 this technology can be expanded by integrating an array of sensors with membranes of different composition onto a single chip to detect various analytes simultaneously. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 
